background: Whether ovarian follicular rupture involves contractile activity or not has been debated for decades. Recently, study in the rodents has indicated that an endogenously produced potent vasoconstrictive peptide, endothelin-2 (EDN2), may induce follicular constriction immediately prior to ovulation. This study was aimed to systematically characterize the human ovarian endothelin system and localize smooth muscle cells to assess the possible involvement of contractile activity in human ovulation.
Introduction
The program of events governing ovulation is activated by a surge of LH and FSH, the pituitary gonadotrophins, that initiates dramatic changes in molecular, biochemical and physical aspects of the ovary, eventually leading to follicle rupture and release of the oocyte (Richards et al., 2002) . In regard to the mechanism that governs rupture of the follicle, the 'follicular constriction' theory has been a mainstream proposition, with an overwhelming amount of data provided by multiple laboratories in support of this theory. Ironically, however, the constriction theory has remained a century-long controversy (Espey, 1978) needing a critical piece of evidence to support the theory: identification of the trigger for constriction and therefore follicle rupture (Martin and Talbot, 1981a,b) .
Since the identification of endothelin-1 (EDN1) in 1988 (Yanagisawa et al., 1988a,b) , EDN2 and EDN3 were subsequently identified (Masaki, 2004; Nakas-Icindic et al., 2004) . Endothelins are structurally similar and exhibit potent vasoconstrictive activity. Bioactive endothelins are produced from 200 amino acid-long precursors, preproendothelins, which are processed by endopeptidases to form 'big' endothelins (Karam et al., 1999; Barton and Yanagisawa, 2008 ). The big endothelins are then further digested into 'bioactive' 21 amino acid-long forms via the action of endothelin-converting enzymes (ECE1 or ECE2; Karam et al., 1999; Masaki, 2004) . Although low levels of endothelins are universally present throughout the body, each isoform is abundant in a tissue-dependent manner. EDN1 is mostly expressed in vascular smooth muscles, the central nervous system and Sertoli cells of the testis. EDN2 is reported to be expressed in the kidneys, intestine and ovary, whereas EDN3 is mainly expressed in the brain (Masaki, 2004) ; however, new evidence suggests an additional role of the EDN3 isoform in the oviduct . Endothelins convey their function via at least two distinct G protein coupled receptors: ET A and ET B (Sitbon et al., 2003; Channick et al., 2004) . These receptors are distinctive in location of expression, binding affinities and their physiological responses to endothelin binding. Endothelins and their receptors are co-localized in various tissues, signifying the presence of autocrine and paracrine functions (Murakoshi et al., 2002) . It has been previously proposed that the action of endothelins is conveyed via their receptors causing an increase in intracellular Ca 2+ via phospholipase C activation and the subsequent formation of 1,4,5-inositol triphosphate, eventually resulting in cellular response. Recently, we and others carried out a genome-wide gene-expression analysis to identify such a trigger in the ovulating ovary in rodents. This approach led us to the identification of EDN2, a potent vasoconstrictive peptide (Ko et al., 2006; Palanisamy et al., 2006) . EDN2 was exclusively and transiently expressed in the granulosa cells (GCs) of periovulatory follicles prior to ovulation. A subsequent study showed that EDN2 induced instant and sustained constriction in isolated ovarian tissues and that administration of tezosentan (an endothelin receptor antagonist) delayed or inhibited follicle rupture in vivo, indicating a potential critical role of follicular constriction in ovulation (Ko et al., 2006) . In support of the constriction theory, we and others also demonstrated the presence of a wellorganized 'non-vascular' smooth muscle layer in the theca externa of each follicle and the expression of endothelin receptors in neighboring ovarian tissues (Abberton et al., 1999; Ko et al., 2006) . Therefore, the objective of this study was to determine whether ovulating human ovaries produce EDN2 and associated endothelin components. Concentrations of endothelins in follicular fluids, levels of proteins and/or messenger RNAs (mRNAs) for endothelins (EDN1, EDN2 and EDN3), endothelin-converting enzymes that are required for producing bioactive forms of endothelins and endothelin receptors (ET A and ET A ) in GCs and cumulus cells (CCs) were measured. Finally, the distribution of smooth muscle cells and the localization of endothelin receptors were determined in the human ovary.
Materials and Methods
Study subjects for the measurements of mRNA levels and endothelin concentration
The study participants were female IVF patients, 20 -38 years of age (mean 30.9 years), with 1 -10 years of infertility duration (mean 3.6 years). Inclusion criteria for this study were a regular menstrual cycle (26-34 days), basal FSH level of ≤10 mIU/ml (mean 6.60 mIU/ml), no evidence of an endocrine anomaly and adequate response to controlled ovarian hyperstimulation (COH). The participants' infertility causes were either tubal or male factors without any sign of ovulatory defects. The data presented herein are from 20 patients who met the inclusion criteria. The participants were informed about this study and submitted written consent prior to the study. This study was approved by the Institutional Review Board of Bundang CHA Medical Center. Subjects used for localization of ovarian smooth muscle cells and endothelin receptor expression are described in the 'Immunohistochemistry' section.
COH protocol
For the ovulation induction, patients were stimulated with recombinant human FSH (Gonal-F, Merck Serono SA, Geneva, Switzerland) following a mid-luteal GnRH agonist (GnRH-a) long protocol (San Roman et al., 1992) or a GnRH antagonist (GnRH-anta) protocol (Olivennes et al., 1994; Tur-Kaspa and Ezcurra, 2009 ). For the GnRH-a long protocol, the patients were treated with GnRH-a (0.1 mg/day of Lucrin, Abbott, USA) from the mid-luteal phase of their previous cycle. One to two weeks later, ovarian suppression was confirmed using transvaginal ultrasound by the presence of a quiescent ovary and thin endometrium, and serum 17b-estradiol (E 2 ) ,50 pg/ml. On Day 3, the GnRH-a dose was reduced to half and follicular development was induced with recombinant human FSH. For the GnRH-anta protocol, recombinant human FSH treatment was started on the 3rd day of the menstrual cycle. The GnRH-anta (Cetrotide 0.25 mg; Merck Serono SA) was administered daily, starting when the leading follicle reached a mean diameter of 14 mm and until the day of hCG administration. A recombinant hCG (Ovidrel 250 mg; Merck Serono SA) was injected to induce final follicular maturation when one or more follicles reached a mean diameter ≥18 mm. For both protocols, the ovarian follicle diameter was assessed by transvaginal sonography. Cumulus -oocyte complexes (COCs) were retrieved 36 h after hCG administration by transvaginal ultrasound-guided aspiration.
Serum collection, retrieval of follicular fluid and retrieval of CC and GC On the 2nd or 3rd menstrual-cycle day, blood samples were collected by venipuncture and the serum separated for the measurement of basal testosterone, E 2 , dehydroepiandrosterone sulfate (DHEA-S), FSH, LH, prolactin and thyroid-stimulating hormone (TSH). These hormones were measured by either radioimmunoassay (testosterone, E 2 and DHEA-S; Beckman Coulter, Inc., USA) or enzyme immunoassay (EIA; FSH, LH, prolactin, TSH; Slemens, USA) following the manufacturer's instructions. Follicular fluids, GCs and CCs were collected from the largest follicle of each ovary at the time of oocyte retrieval. For follicular endothelin peptide measurement, the follicular fluids were centrifuged at 2000g for 20 min, and the supernatants were transferred to sterile tubes, snap frozen and kept at 2808C until assayed. For GC and CC isolation, COCs and GCs were manually separated from follicular fluid under a microscope. The CCs were then divided into two subgroups according to oocyte maturity: CCs from mature oocytes (metaphase II) and from immature oocytes (germinal vesicle stage). Both groups of CC and GC were washed twice in cold phosphate-buffered saline (Dulbelcco's medium; Gibco, Invitrogen, USA) before storage in liquid nitrogen.
Immunometric assay
Follicular fluid and serum concentrations of human endothelins were determined using a commercially available EIA (No. 583151, Cayman Chemical Company, MI, USA), as described previously . Briefly, samples were acidified with 1.5 ml of 4% acetic acid in water then loaded on activated solid phase extraction (C-18) columns. After washing, the bound endothelins were eluted from each column, oven dried at 358C and resuspended in the supplied EIA buffer. The immunometric assay was then performed on the samples following the manufacturer's directions and absorbance determined at a wavelength of 420 nm. The intra-and inter-assay coefficients of variance were 5.9 and 4.2%, respectively. Concentrations of endothelins are expressed in pg/ml.
RNA isolation and real-time quantitative PCR
mRNA was isolated from human CC and GC using the Dynabeads mRNA DIRECT kit (Invitrogen Dynal Asa, Oslo, Norway), according to the manufacturer's instructions. Briefly, human CCs or GCs were resuspended in lysis/binding buffer [100 mM Tris -HCl (pH 7.5), 500 mM LiCl, 10 mM EDTA, 1% LiDS, 5 mM dithiothreitol] for 5 min at room temperature. After vortexing, prewashed Dynabeads oligo dT 25 were mixed with the lysates and annealed by rotating for 5 min at room temperature. The beads were separated with a Dynal MPC-S magnetic particle concentrator and poly-(A) + RNAs were eluted by incubation with 10 ml of Tris -HCl (10 mM Tris -HCl, pH 7.5) at 658C for 2 min. Complementary DNA (cDNA) was synthesized using oligo-dT primers according to the manufacturer's protocol (Promega, Madison, WI, USA). An equal amount of cDNAs was used as templates for semi-quantitative PCR analysis. PCR primers were designed using Primer3 software (Rozen and Skaletsky, 2000) . The primer binding sites were on two different exons spanning an intron so that any non-specific amplification of genomic DNA or cDNA from primary transcripts should be prevented. The size of PCR products and primer sequences for the specific genes are listed in Table I . PCR products were separated by 1.5% agarose gel electrophoresis. To quantitatively measure the amount of target gene mRNA, realtime RT-PCR analysis was performed using the iCycler (Bio-Rad, Hercules, CA, USA). The iQ TM SYBR Green Supermix PCR reagents (Bio-Rad) and results were evaluated with the iCycler iQ real-time detection system software. Briefly, the reaction mixture contained cDNA, 20 pmol of each primer and SYBR Green Supermix 2 [100 mM KCl, 40 mM Tris-HCl (pH 8.4), 0.4 mM each dNTP, 50 U/ml iTaq DNA polymerase, 6 mM MgCl 2 , SYBR Green I, 20 nM fluorescein and stabilizers]. Template was amplified with 40 cycles of denaturation at 958C for 40 s, annealing at 608C for 40 s and extension at 728C for 40 s. Upon completion of PCR, fluorescence was monitored continuously while slowly heating the samples from 608C to 958C at 0.58C intervals. These melting curves were used to identify any non-specific amplification products. Quantification of gene amplification was performed by determining the cycle threshold (C T ), based on the fluorescence detected within the geometric region of the semi-log amplification plot. Relative quantification of target gene expression was evaluated using the comparative C T method.
Immunohistochemistry
We retrospectively reviewed the slides from formalin-fixed, paraffin-embedded tissues of ovaries that were surgically resected between 2007 and 2009. Ovaries (n ¼ 7) that were intact and exhibited no pathologic defects were selected for the immunohistochemical analysis. The patients were diagnosed with leiomyomas (n ¼ 4), adenomyosis (n ¼ 2) and contralateral ovary tumor (n ¼ 1), and their age ranged from 42 to 48 years, with a mean age of 46 years at the time of ovarian resection. The ovaries were presumed to be functional (ovulating) as they all had various stages of follicles and healthy corpora lutea. Briefly, immunohistochemical staining was performed on deparaffinized sections, serially sectioned at 4 mm on poly-L-lysine covered slides using an LSAB detection kit (DAKO, Carpinteria, CA, USA) according to the manufacturer's instructions. Antigen retrieval was performed using Target Retrieval Solution (pH 8.0, S2367, DAKO) in an autoclave for 20 min at 1208C, then the endogenous peroxidase activity was blocked with 3% hydrogen peroxide for 10 min. Slides were then incubated without or with primary antibodies that recognized smooth muscle actin alpha (aSMA, mouse monoclonal asma-1, 1:50 dilution; Novocastra, Newcastle, UK), ET A (rabbit polyclonal, 1:200 dilution; GeneTex, Irvine, CA, USA) and ET B (rabbit polyclonal, 1:200 dilution; Abcam, Cambridge, UK). The chromogen was aminoethylcarbazole (DAKO) and the slides were counterstained with 10% Mayer's hematoxylin (Sigma, St Louis, MO, USA). The staining was examined using a BX51 microscope (Olympus, Japan) provided with a digital camera and pictures acquired using a DP-70 imaging system (Olympus).
Statistics
Data were presented as the mean + SEM. Statistical analysis of real-time PCR data was evaluated using a one-way analysis of variance and Student's t-test. A value of P , 0.05 was considered as significant.
Results

Endocrine profiles of the study participants
The study subjects that participated in this study were 20 IVF patients who received treatment owing to tubal factors or male factors at the Bundang CHA Medical Center, Korea (see the inclusion criteria in the 'Study subjects' in Materials and Methods). The patients' serum hormone levels were all within the normal ranges (Nilsson et al., 1985) : TSH (1.97 + 0.24 mIU/ml), FSH (6.60 + 0.45 mIU/ml), LH (5.43 + 0.81 mIU/ml), prolactin (7.74 + 0.72 ng/ml), E 2 (18.06 + 2.69 pg/ml), testosterone (0.28 + 0.12 ng/ml) and DHEA-S (162.46 + 30.52 mg/ml) (+SEM).
All endothelin components except EDN3 were expressed in the ovary
The relative mRNA level of each endothelin system component was first assessed using mRNA samples that were extracted from a patient's GC. A semi-quantitative RT -PCR analysis showed that transcripts of the entire endothelin system except EDN3 were present (Fig. 1A) . Absence of the EDN3 transcript in GC was further verified by real-time PCR, in which no sign of EDN3 transcript was detected by either amplification or melting curve profiling analysis (Fig. 1B and  C) . Subsequent RT -PCR assay in eight randomly chosen patients' GC samples produced no EDN3 transcript, whereas amplification of EDN3 mRNA was apparent in the BE2 cell line (Moore and Johnson, 1998) , an EDN3-expressing human neuronal cell line (Fig. 1D ).
EDN2 is a predominant endothelin isoform in the GC
Follicular fluids from the largest follicle from each ovary were collected, free of blood contamination, at the time of oocyte retrieval and used to measure endothelin peptide levels by an immunometric method. The endothelin concentration in the follicular fluid (105.9 pg/ml) was significantly higher than in serum (4.1 pg/ml; Fig. 2A) . Interestingly, the endothelin concentrations showed a wide range of variation among the follicular fluid samples (26.2-266.9 pg/ml), whereas a very narrow variation was seen in the serum samples (3.7 -4.9 pg/ml). It should be noted that the immunometric method that was used for the assay could not separate the major endothelin peptide isoforms owing to cross-reactivity of the anti-endothelin antibody to both EDN1 and EDN2 peptides. The cross-reactivity of these antibodies is common, owing to the small sizes and high level of structural similarity of the endothelin isoforms (Janes and Wallace, 1994; Rubanyi and Polokoff, 1994) . We, therefore, compared the mRNA levels of endothelin subtypes as an alternative way to determine a dominant isoform expressed by the GC. Real-time PCR followed by C T value analysis revealed an apparent dominant expression of EDN2 mRNA over EDN1 and EDN3 mRNA (Fig. 2B ).
GC expressed both forms of endothelin receptors and converting enzymes
Both forms of endothelin receptor (ET A and ET B ) and endothelinconverting enzymes (ECE1 and ECE2) were readily detected in the GC (data not shown).
CC showed different expression patterns from GC GC and CC are of the same origin and share a multitude of common characteristics. CCs however are unique in that they are physically associated with an oocyte in a follicle, regulate oocyte physiology and are released together with oocyte at the time of ovulation. We therefore compared the relative mRNA levels of the endothelin system components between GC and CC. Although not statistically significant, both EDN1 and EDN2 appeared to show higher levels in the CC than in the GC (Fig. 3A and B) . Interestingly, although the ET A mRNA level was similar between the two cell types, the ET B mRNA level was significantly higher in the CC than the GC (Fig. 3C  and D) ; no significant difference in the level of ECE1 and ECE2 mRNA was seen between these two cell types (Fig. 3E and F) .
No difference in expression of endothelin components between the CC of mature COC and immature COC
At the time of oocyte retrieval, COCs that had mature oocytes were separated from immature COCs and the CCs were isolated. Realtime PCR analysis showed no significant differences in any of the mRNA levels between the two different CCs (Fig. 4) .
Spatial localization of the smooth muscle network and endothelin receptor protein in the ovary
Localization of smooth muscle cells and ET A -and ET B -expressing cells were determined by immunohistochemistry using antibodies for aSMA, ET A and ET B , respectively. As was expected, aSMA antibody stained smooth muscle cells of the blood vessels localizing the interstitial as well as follicular vasculature of the human ovary (Fig. 5A ). In addition, the same staining revealed multilayered 'non-vascular' aSMA-positive cells in the theca externa of antral follicles (Fig. 5B) . No such 'non-vascular' aSMA-positive cell layer was seen in the preantral stage follicles (data not shown). Staining of adjacent sections of the ovary with endothelin receptor antibodies showed that the follicular smooth muscle cells expressed ET A , but not ET B (Fig. 5C and D) . Interestingly, ET B protein expression was limited to the theca interna (Fig. 5C ), whereas ET A expression was also apparent in the GC, theca interna and endothelia cells (Fig. 5D ).
Discussion
The ovulatory process, ending with rupture of the follicular wall and expulsion of the oocyte, is a central event in the reproductive cycle. Although a hypothesis was presented in the 1960s that increased intrafollicular pressure would be the driving force of follicle rupture, this concept was challenged by no success in recording an increase in intrafollicular pressure prior to follicle rupture and failure in inducing follicle rupture by artificially increasing intrafollicular pressure in rabbit follicles (Espey and Lipner, 1963; Rondell, 1964) . These reports suggested a 'decreasing tensile strength of the follicular wall' as the main contributing factor in follicle rupture, which emphasized the importance of proteolytic enzymes and the plasminogen system (Curry and Osteen, 2003; Komar et al., 2001) . In the early 1980s, Talbot and her colleagues revisited the concept of follicular Figure 1 Expression of endothelin system components in the GCs of a human pre-ovulatory follicle. (A) mRNA expression profiles of endothelin components in GCs obtained from a pre-ovulatory follicle. After 40 cycles of PCR amplifications, the PCR products were separated by electrophoresis on 1.2% agarose gel. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control. The real-time amplification profiles (B) and melting curves (C) of endothelin component mRNA. Purple, EDN1; yellow, EDN2; red, EDN3; yellowish green, ET A ; green, ET B ; sky blue, ECE1; blue, ECE2; pink, GAPDH. (D) EDN3 mRNA expression profiles in GC of eight different patients and BE2 cell line that constitutively expresses EDN3 mRNA. b-Actin was used as an internal control. contraction in follicle rupture (Martin and Talbot, 1981a,b) , and the idea was further strengthened by the presence of smooth muscle layer around follicles (Schroeder and Talbot, 1982; Talbot and Chacon, 1982; this manuscript) . In support of the constriction theory, we recently identified a potent vasoconstrictor, EDN2, that is produced by the pre-ovulatory follicle immediately prior to ovulation using a genome-wide ovarian gene expression profiling approach (Ko et al., 2006) . This approach also showed the presence of endothelin receptors and converting enzymes in the ovary. As was expected, when applied to ovarian strips in vitro, EDN2 immediately induces a sustained constriction.
The presence of individual endothelin components in the human and primate ovary has been reported previously (Haq et al., 1996; Mancina et al., 1997; Apa et al., 1998; Karam et al., 1999; Korth et al., 1999) , and their functionality determined in relation to regulating steroidogenesis in the follicle and corpus luteum (Apa et al., 1998; Usuki et al., 1998; Denkova et al., 2000; Meidan and Levy, 2007; Kawamura et al., 2009 ) and blood flow (Mancina et al., 1997; Usuki et al., 1998; Meidan and Levy, 2007 ). In the current study, we specifically aimed to assess the potential involvement of the endothelin system in controlling follicle rupture by characterizing the expression pattern of endothelin system components in the pre-ovulatory human ovary. The GCs, CCs and follicular fluids were collected from mature/dominant follicles 36 h post-hCG injection, a time point comparable with 11-12 h post-hCG injection in rodents when a preovulatory follicle was about to rupture (Ko et al., 2006; Palanisamy et al., 2006; Na et al., 2008) . Therefore, the data presented here represent the patterns of endothelin component expression when a preovulatory follicle is temporally close to ovulation.
In general, the expression patterns of human endothelins, receptors and converting enzymes closely resembled those found in rodents. In complete accordance with the expression patterns of rodent counterparts, the human GC of pre-ovulatory follicles expressed mRNA for EDN1 and EDN2 but not EDN3 (Figs 1 and 2 ; Ko et al., 2006; Palanisamy et al., 2006; Na et al., 2008) . As in rodents, EDN2 mRNA appeared dominant in comparison to EDN1 mRNA in these preovulatory follicles (Fig. 2B ) and is therefore believed to account for the majority of endothelin peptides detected in the follicular fluid. The human follicular fluidal concentration of endothelin peptides (105.9 pg/ml; Fig. 2 ) was significantly higher than that in serum (4.1 pg/ml) as was the ovarian level in the rat (68.0 pg/ml; Bridges et al., 2010) . These high levels of follicular endothelin concentration in both rodents and human, and the similarity of the ovarian expression patterns for components of the endothelin system between rodents and human, may signify the importance of a conserved intra-ovarian role of the endothelin system across the species. Meanwhile, the wide range of variation of follicular endothelin peptide concentrations seen among the subjects of the present study (26.2-266.9 pg/ml; Fig. 2) indicates that follicular endothelin synthesis may be strictly restricted to the periovulatory period, as was seen in rodents (Ko et al., 2006; Palanisamy et al., 2006; Na et al., 2008) : the low and high endothelin concentrations were likely from follicles temporally far from and close to the time point of maximal production. In line with this interpretation, Plonowski et al. (1999) also reported a wide range of endothelin concentrations in the follicular fluids obtained from hyperstimulated IVF patients (5 -60 pmol/l). In regard to the effect of hCG on the endothelin peptide level, it was previously shown that that endothelin concentrations were higher in the follicular fluids of hCG-injected than non-injected subjects (1.29 pg/ml before hCG versus 4.85 pg/ml after hCG; Magini et al., 1996; Plonowski et al., 1999) . In fact, the bioactive forms of endothelin peptides have a very short half-life and therefore are locally produced immediately prior to use (Meidan and Levy, 2007) . Meanwhile, a high variance is seen in the absolute values of the follicular fluidal endothelin concentrations reported by different laboratories (Kamada et al., 1993; Schiff et al., 1993; Magini et al., 1996; Plonowski et al., 1999) . Although the reason for this variation is not known, it is likely related to differences in the sensitivity or specificity of the individual assays or other procedural differences employed for the individual measurements.
Similar to GCs, CCs expressed all the components of the endothelin system except EDN3 (Fig. 3) . Interestingly, although mRNA for each receptor subtype was expressed in both cell types, abundance of the receptor subtype transcripts differed in the two cell types: while the ET A mRNA levels were similar in GC and CC, the ET B mRNA level was higher in CC than GC (Fig. 3) . The physiological significance of the difference is not known and awaits further investigation. Nonetheless, endothelin receptors expressed in the GC and CC would not mediate the constrictive action of endothelin but may regulate cell proliferation, steroidogenesis or oocyte maturation, as reported previously (Tedeschi et al., 1994; Kamada et al., 1995; Calogero et al., 1998; Denkova et al., 2002; Meidan and Levy, 2007; Kawamura et al., 2009) . In this regard, we were interested in whether CCs that were retrieved with mature oocytes showed a different expression pattern of endothelin components compared with CCs that were with immature oocytes. Real-time PCR analyses, Figure 4 Comparison of endothelin system component expression between human pre-ovulatory follicles with immature oocyte versus mature oocytes. Equal amounts of mRNAs isolated from human immature or mature CCs that were isolated from the same ovary were reverse transcribed and amplified using real-time PCR. The expression level was calculated from C T values, and the mRNA ratio was determined relative to that of mature CC (n ¼ 7). Data are the mean + SEM. Note that there was no difference in the mRNA level for any of the endothelin components.
however, found no difference between the two groups (Fig. 4) , indicating that the endothelin system was not a contributing factor for the oocyte immaturity in these cells. These data must be interpreted with caution, however, as no difference in the expression of components of the endothelin system in these two groups does not mean that endothelin action is not important for oocyte maturation or other known endothelin functions in the follicle.
The presence of smooth muscle-like theca externa cells was previously reported in the ovaries of diverse species and is believed to be responsible for the demonstrated constrictive responses to endothelin treatment (O'Shea, 1970; Amsterdam et al., 1977; Ko et al., 2006) . In the present study, immunostaining of human ovarian sections with anti-aSMA and endothelin receptor antibodies localized the expression of ET A in these non-vascular aSMA-positive cells of the theca externa, whereas ET B expression was specifically localized to theca interna (Fig. 5) . This tissue-type-dependent localization of endothelin receptor expression is suggestive of endothelin-mediated contractile regulation of follicles. Vasoconstriction is well documented in blood vessels, in which ET A is expressed in smooth muscle cells, whereas ET B is expressed in the endothelial cells and responsible for vasodilation (Magini et al., 1996; Karam et al., 1999; Boss et al., 2002; Masaki, 2004) . In regard to the ET B expression pattern in the GC, a large discrepancy was seen between mRNA and protein expression. As was shown in Figs 1 and 3, ET B mRNA expression is apparent in the GC of pre-ovulatory follicles but ET B protein was not detectable in GC of the ovarian tissues that we examined (Fig. 5) . The reason for this apparent discrepancy between mRNA and protein expression patterns is currently unknown. It would, however, be interesting to determine whether the translation of ET B protein is temporally controlled, in that ET B protein synthesis is limited to the periovulatory period.
In summary, the present study demonstrates the presence of the entire endothelin system (minus EDN3) and smooth muscle network in human periovulatory follicles, suggesting the involvement of endothelin-induced contractile action in regulating ovulation in the human ovary, as was proposed by recent animal studies (Ko et al., 2006; Al-Alem et al., 2007; Bridges et al., 2010) .
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